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compared to graphite’s 372 mAh g−1, they suffer from rapid 
degradation with each cycle due to electrode volume expansion 
of ≈400% during lithiation putting strain on the material.[2] 
Alternatively, graphene, a 2D honeycomb lattice and simply 
one atomic layer of graphite has emerged as one of the most 
exciting materials mainly because of its extraordinary thermal, 
mechanical, and electrical properties. Graphene holds enor-
mous potential for widespread applications, such as nanoscale 
electronic devices, composite materials, sensors, solar cells, 
hydrogen storage, and electrodes for LIBs.[3] In particular, 
its high electron conductivity, large specific surface area (up 
to 2648 m2 g−1), and broad electrochemical potential window 
hold great promise for this material to be used as an advanced 
anode in LIBs for portable electronics and electric vehicles.[1f,4] 
In addition, due to the fact that Li ions can adsorb on both 
sides of the atomic-thick carbon sheet, graphene anodes 
exhibited a substantially improved specific charge capacity 
over graphite (theoretical capacity of 372 mAh g−1) that can 
only intercalate one Li atom per six carbon atoms (LiC6).[5] 
Moreover, the single-layer graphene is capable of facilitating 
Li diffusion with a lower barrier than that of graphite inter-
layers.[6] In graphene family, graphene oxide (GO) is the 
most important precursor to prepare graphene materials via 
a reduction reaction. Recent studies revealed that structural 
modification of GO through hydrazine reduction, high tem-
perature pyrolysis, and electron beam irradiation has led to 
an increased charge capacity.[7] In addition, nitrogen/boron 
doping[8] and phosphorous/nitrogen dual-doped porous gra-
phene[9] are also used as a LIB anode to achieve high capacity. 
However, these previous approaches to achieve higher capacity 
(up to 780 mAh g−1) by increasing d-spacing are lack of struc-
tural control and detailed characterization. The hypothesis of 
increasing charge capacity through increasing d-spacing is not 
experimentally validated. Precise molecular control to clearly 
elucidate the correlation between structure and properties is 
required by using structurally defined graphene assemblies 
via bottom-up chemical synthesis.[6,10] Such a well-controlled 
system would aid in designing optimal graphene anodes with 
ideal geometrical and electronic structures for maximum 
capacity. Moreover, another major problem with current gra-
phene-based anodes is that they experience a significant irre-
versible capacity loss (>50%) during charging/discharging 
cycles, due to restacking of graphene layers.[1h,4b,11] To mitigate 

New electrode materials with faster electron transport, larger 
ion storage capacity, and more efficient Li ion diffusion are 
of particular interest to next generation lithium ion batteries 
(LIBs). These properties are crucial for meeting the rapidly 
increasing demands of high-power and high energy densities 
for energy storage. One of recent efforts has been devoted to 
developing advanced anode materials with increased number 
of lithiation sites and faster Li diffusion rates.[1] Among studied 
advanced materials, although silicon has been shown to have 
a high theoretical gravimetric capacity of ≈4200 mAh g−1 
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this issue, recent efforts of using inorganic materials to inter-
calate into graphene sheet to prevent the restacking of gra-
phene have been demonstrated.[12]

To mitigate the cyclic stability issue, it is crucial to develop 
structurally robust, graphene-based anode materials. Neverthe-
less, most of the studied graphene anode materials are actu-
ally reduced graphene oxide (rGO), which is typically prepared 
using a complex chemical protocol through harsh oxidation pro-
cesses.[13] So far, none of the reduction methods reported can 
completely recover the sp2 lattice structure from GO.[13,14] Thus, 
the as-prepared rGO materials have poorly defined molecular 
structures with many defects, leading to an electron mobility at 
least two orders of magnitude lower than the theoretical value 
for defect-free graphene.[13,15] Therefore, heterogeneous rGO 
materials developed from all of previous studies possess ill-
defined molecular structures, which are not suitable for estab-
lishing structure–property relationships between the anode 
materials and energy storage properties in LIBs. Moreover, the 
performance reproducibility of current rGO anodes remains a 
great concern due to their poorly controlled structures in those 
heterogeneous systems.

In this work, we have, for the first time, developed a bottom-
up organic synthesis of 3D triarylamine-based nanographenes 
(NGs) with well-defined molecular structures. Triarylamines 
have a propeller-shaped structure consist of three flakes and 
center sp3-hybridized nitrogen. A variety of functional groups 
have been covalently attached to the NG flakes to fine-tune elec-
tron density on each flake and d-spacing between flakes, which 
provide us with the capability to achieve optimum geometric 
and electronic structures for efficient Li incorporation/extrac-
tion and diffusion.

In addition, the 3D nature of the NG is expected to have a 
π–π interaction between flakes, capable of yielding a robust 
self-assembled structure that remains unchanged throughout 
the long-term charging–discharging cycles. In contrast, the 
extensive π–π interaction between 2D graphene layers often 
leads to collapse of interlayer space. Therefore, these 3D NG 
assemblies are able to overcome the restacking issue observed 
in traditional rGO sheets, achieved high Li storage capacity and 
diffusivity, and simultaneously address the long-term stability 
issues. More importantly, such-synthesized NGs with well-
defined molecular and electronic structures can serve as ideal 
model systems to provide fundamental understanding of cor-
relations among functionalized groups, and resulting electronic 
property, d-spacing, and electrochemical properties for energy 
storage in LIBs (Figure 1a).

The NG, hexabenzocoronenes (HBCs) were synthesized 
with a multistep solution-chemistry route[16] and schemati-
cally outlined in Scheme S1 (Supporting Information). At first, 
compounds tris[4-(2-phenylethynyl)phenyl)]amine (Ph3TPA)  
and tris(4-((4-tert-butylphenyl)ethynyl)phenyl)amine (tBu3TPA) 
were synthesized by threefold Sonogashira coupling of the 
triiodo compound tris(4-iodophenyl)amine (I3TPA) with phe-
nylacetylene and 4-tert-butylphenylacetylene, respectively. 
The hexaphenylbenzenes (HPBs) were achieved by heating 
Ph3TPA and tBu3TPA with various tetraphenylcyclopentadi-
enones to realize a threefold Diels–Alder reaction and elimi-
nation of CO. The as-synthesized HPBs were then planar-
ized (fusion of benzene rings) by treating with FeCl3 in a 

dichloromethane/nitromethane mixture for 2–3 h to form 
the corresponding NGs. After quenched the reaction with 
methanol, repetitive dissolution and precipitation with dichlo-
romethane/methanol yielded NGs as orange to dark red solid 
powders (Figure 1b). While all of the reaction intermediate 
HPBs were purified and confirmed with NMR spectroscopy, we 
were not able to detect the aromatic protons with conventional 
liquid-phase NMR spectroscopy even at elevated temperatures 
due to dynamic aggregation of the nanographene HBCs and 
their high rigidity. HBC-OMe is the only exception due to its 
higher solubility in dimethyl sulfoxide (DMSO). As a result, the 
HBC structure was determined with matrix assisted laser des-
orption ionization time-of-flight (MALDI-TOF), which has been 
the only applicable method for characterization of larger polyar-
omatic nanostructures. The instrument specifications for the 
4800 Plus MALDI-TOF/TOF Analyzer used in positive reflector 
mode. The instrument calibration spectrum exhibits a calcu-
lated resolution at full-width at half-maximum of 17 900 for 
glu-fibrinopeptide B (1.3 pmol μL−1), m/z 1570.7555. Carbon 
isotopes C13, C14, C15 are also shown in the high resolution 
spectrum. All sample data were acquired after calibration of the 
instruments using similar ionization parameters. Therefore, 
we have carried out the structural characterization of the inter-
mediates and NGs using MALDI-TOF and Raman spectra. All 
these spectroscopic results are illustrated in Supporting Infor-
mation (Figures S1–S20) and are in perfect agreement with the 
proposed molecular structures, thereby confirming the suc-
cessful preparation of NGs. Furthermore, the thermal stability 
of NGs was examined by using thermogravimetric analysis 
(TGA; Figure S21, Supporting Information). These NGs with 
various functional groups exhibited excellent thermal stability 
without significant mass loss up to 300 °C under N2 atmos-
phere. The graphitized residue (char yield) of these NGs was 
more than 60% even at 1000 °C, which is attributed to their 
high aromatic (graphene-like) content as manifested by their 
similar Raman spectra (Figure S20, Supporting Information).

Our results show the introduction of functional groups sig-
nificantly affects the geometry of NGs. The as-synthesized NGs 
with various functional groups exhibited a change in d-spacing 
between self-assembled flakes. The overall structural stability 
of NG assemblies is also largely dominated by π–π interaction 
and the d-spacing between flakes as manifested by high-resolu-
tion transmission electron microscopy (HRTEM), as shown in 
Figure 2a. Such self-assembled domains are similar to those of 
graphene nanosheets,[17] indicating a π–π interaction between 
the neighboring flakes in NGs (Figure 2b). NGs with hydrogen, 
methoxy, tert-butyl, hydroxy, bromo, and fluoro functional 
groups attached to the flakes have corresponding d-spacing of 
3.95, 4.08, 4.36, 4.04, 4.30, and 4.0 Å, respectively. The average 
d-spacing around 3.95–4.36 Å for these NGs is much larger 
than that of the pristine graphite (3.34–3.37 Å)[18] (Table 1). It is 
notable that the d-spacing between flakes as determined by TEM 
is consistent with the size of the functional groups (tBuOMe > 
Br > OMe > OH > F > H), which is also validated by the cor-
responding X-ray diffraction (XRD) measurements (Figure S22, 
Supporting Information) and reveal a smaller peak angle with 
increasing size of the substituents (functional groups).

We use density functional theory (DFT) to understand how 
these functional groups and their resultant shifts in d-spacing 
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impact the Li binding energy, and hence charge capacity. A 
series of DFT calculations were carried out to simulate Li 
binding energy between two AB stacked graphene layers 
with fixed d-spacing. Results of the Li binding energy versus 
d-spacing are shown in Figure 2c and details of the DFT cal-
culation can be found in the Supporting Information. Con-
sistent with the experimental findings, Figure 2c clearly shows 
that there is a minimum, exothermic Li binding energy at a 
d-spacing of 4.07 Å. Compression of the Li ion between the two 
layers with a d-spacing below 4.07 Å leads to an increase in the 
system energy. At d-spacing values above this minimum, the Li 
is not stabilized as strongly through chemical interactions with 
both layers and so the system energy increases. By invoking 
a previously established descriptor relationship between Li 
binding and charge capacitance,[19] we believe that NG struc-
tures of a d-spacing close to 4.07 Å for balanced mechanical and 
chemical interactions with Li ions have the highest Li charge 
capacity compared to other graphitic structures. Thus, func-
tional groups can be used to control d-spacing and electron 

density of NG anodes, allowing us to ascertain and optimize Li 
incorporation and diffusion for maximum battery performance.

We therefore studied these newly developed NGs as anodes 
in LIBs and determined their Li storage capability. The NG 
anode performance in terms of their charge capacity and cycle 
stability was studied as a function of substituent groups on the 
flakes, which is directly compared to a rGO anode. As shown 
in Figure 3a, the anode HBC-H without any functional group 
exhibited excellent performance durability over 100 charging–
discharging cycles and a reversible charging–discharging 
capacity of 600 mAh g−1. The capacity observed with the anode 
HBC-H (unsubstituted NG) is nearly two times higher than 
that of a graphite anode. As expected, the rGO anode experi-
enced a more than 50% capacity loss after 100 charging–dis-
charging cycles. In contrast to rGO, the significantly improved 
battery cyclic stability observed with anode HBC-H is likely 
due to its unique 3D structure with limited flake size, which 
allows the NG self-assembled into ordered hierarchical struc-
tures. The hierarchical self-assembly of HBC-H also revealed 
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Figure 1. a) Chemical structures of triarylamine-based NG anodes, and the schematic view of LIBs. b) Chemical structures and appearance of triar-
ylamine-based NG powders with various functional groups.
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that the stacked NGs with only 1 nm in size could easily reach 
structural equilibrium after a few charging–discharging cycles 
as compared to conventional rGO that took tens charging–dis-
charging cycles to stabilize (Figure 3a). Note that the initial 
performance loss is universally observed for anode materials in 
LIBs due to the formation of solid–electrolyte interface (SEI), 
which is affected by surface chemistry and crystalline struc-
tures and has been discussed in the Supporting Information.[20] 
It should be noted that all NG anodes have a very stable cyclic 
performance with 100% coulombic efficiency after initial per-
formance loss, suggesting the SEI films are very dense and 
able to prevent further decomposition of electrolyte on the 
NG anodes (Figure S23, Supporting Information). In addition, 
cyclic voltammograms (CVs) of LIB from various NGs were car-
ried out to better understand the sources of additional capacity. 
Despite a significantly increased capacity in anode HBC-H, its 
CV during charging–discharging process in a battery exhibits a 

broad reduction and an oxidation peak around 0.5 V, resemble 
to that of traditional rGO anode (see Figure S24a, Supporting 
Information). Their capacities were measured above 0.5 V, 
attributable to the adsorption of Li ions on the surface or at the 
edge sites of graphene nanosheets.[6,21]

Another important structural factor affecting lithium absorp-
tion in layered carbon structure is the d-spacing between layers. 
Lithium can occupy either the available space between the 
carbon layers (intercalated lithium) or can be deposited as a 
multilayer on the carbon surface (multilayer lithium) or even 
interact with functional groups attached to the graphene flaks 
(oxygen, nitrogen, etc.).[22] In addition, oxygen-containing func-
tional groups (methoxy) directly contribute to the increase in 
the number of Li incorporation as Li can directly complex with 
the oxygen atom to form a low energy ionic bond.[1] The effect 
of functional groups on the battery performance is shown in 
Figure 3a, including methoxy, tert-butyl, hydroxy, bromine, and 
fluorine. Amongst all NGs, the highest capacity was measured 
with methoxy-functionalized HBC-OMe anode, followed by 
HBC-tBuOMe > HBC-H > HBC-OH > HBC-Br > HBC-F.

In addition, Table 1 lists the measured capacity of NGs 
with respect to the functional groups and d-spacings. The 
increased d-spacing from 3.95 (HBC-H) to 4.08 Å (HBC-OMe) 
has led to a significant improvement in capacity, from 600 to 
950 mAh g−1. Besides structural modification which increases 
d-spacing between NG layers, the oxygen containing functional 
groups allowing directly complex with Li and electron donating 
groups stabilize greater number of Li can all contribute to the 
overall charge capacity. In fact, such high charge capacities 
are well within the calculated theoretical capacity, as high as 
2000 mAh g−1 (Supporting Information).[23] However, a further 
increase in the d-spacing (HBC-tBuOMe) results in a slight 
decrease of capacity from 950 to 880 mAh g−1, suggesting the 
optimum d-spacing is at ≈4.08 Å. In particular, we compare the 
capacity of these NGs after 5 and 50 charge–discharge cycles 
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Figure 2. a) TEM images of all six NGs; the d-spacing is determined by estimating the distance between the two yellow lines, which is the same as two 
yellow lines in (b). b) Schematic representation of NG self-assembly into highly ordered structures by stacking one flake on top of another, d-spacing 
between NG flakes is represented as the distance between two blue lines. c) Calculated Li binding energy as a function of fixed d-spacing between 
two AB-stacked graphene layers. The inset is a diagram of the minimum binding energy structure showing d-spacing (4.07 Å) and distance between 
neighboring carbon (blue spheres) and Li (yellow sphere).

Table 1. Correlation of d-spacing between layers and anode perfor-
mances of NGs.

d-spacing [Å] Charge capacitance [mAh g–1]

5th cycle 50th cycle

Graphite 3.35a) 377 330

Reduced GO (rGO) 3.59a) 735 450

HBC-H 3.95b) 625 600

HBC-OMe 4.08b) 940 920

HBC-tBuOMe 4.36b) 830 780

HBC-OH 4.04b) 560 510

HBC-Br 4.30b) 635 370

HBC-F 4.0b) 415 350

a)d-spacing calculated from X-ray diffraction peaks; b)d-spacing measured from 
TEM.
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to demonstrate their stability. Continuous degradation was 
found for rGO from 735 (5th cycle) to 450 mAh g−1 (50th cycle), 
resulting in a 38% decrease in capacity. In contrast to rGO, 
the NG anodes HBC-OMe, HBC-H, and HBC-tBuOMe have a 
reduction of capacity (from 5th cycle to the 50th cycle) of 2.1%, 
4.0%, and 6.0%, respectively. Such a small reduction in capacity 
for these NGs is a strong indication of structural stability of 
NG assemblies. In fact, the optimized HBC-OMe anode has 
been carried out for a long-term cycling stability test up to 250 
charging–discharging cycles, and the charge capacity remains 
greater than 900 mAh g−1.

The above results suggest that d-spacing of NGs resulting 
from the steric hindrance between attached functional groups 
plays a critical role in governing Li storage capacity and the 
newly developed NGs have the potential to be a new class of 
high-performance anode materials for LIBs. This finding is in 
strong agreement with that the d-spacing of ≈4.08 Å determined 
by TEM and DFT calculations (Figure 2a,c) for HBC-OMe 
showed the highest Li charge capacity in this study. Noteworthy, 
there is a clear trend in which electron donating groups (e.g., 
methoxy HBC-OMe, tert-butyl methoxy HBC-tBuOMe) have the 
higher capacity followed by unsubstituted HBC-H and electron 
withdrawing groups (e.g., bromine, and fluorine) with relatively 
low capacity. Hydroxyl has a slightly smaller capacity as com-
pare to the unsubtituted NG, presumably due to the intermo-
lecular hydrogen bonding, which can inhibit the Li binding 
(smaller number of binding sites). This is the first time that 
a strong correlation between functional group and charging 
capacity has been elucidated. The rationale behind this trend is 
because these functional groups can vary the electron density of 
the NGs that leads to different oxidation/reduction potentials, 

as determined by CV. These CVs were recorded in acetonitrile 
containing tetrabutylammonium perchloride as the electro-
lyte (Figure S24b, Supporting Information). The determined 
oxidation potentials of NGs follow the order of HBC-OMe <  
HBC-OH < HBC-tBuOMe < HBC-H < HBC-Br < HBC-F. This 
trend is consistent with our hypothesis that increasing the 
electron density in NG by attaching electron donating groups 
(e.g., methoxy HBC-OMe, tert-butyl methoxy HBC-tBuOMe) 
will lead to a smaller oxidation potential. Vice versa, a decrease 
in electron density in NGs with electron withdrawing groups 
(e.g., bromine and fluorine) will lead to an increase in oxidation 
potential. Moreover, increase in electron density on NG can sta-
bilize the Li+ and decreases the interaction between Li+ ions. In 
contrast, the electron withdrawing groups, such as F- and Br-, 
result in a further decrease in electron density on NGs, which 
in turn destabilizes the Li+ and increases unfavorable interac-
tion between Li ions.

Besides specific capacitance and cyclic stability, rate perfor-
mance of the most promising three NGs (HBC-OMe, HBC-
tBuOMe, and HBC-H) was also studied. As shown in Figure 3b, 
the HBC-OMe anode demonstrated the best rate performance, 
capable of maintaining an exceptionally high capacity of 
600 mAh g–1 at a 5 C charging and discharging rates. Upon 
decreasing the rate from 5 to 0.1 C, the reversible capacities of 
the HBC-OMe were recovered back to >900 mAh g–1. Thus, in 
the 3D NG assemblies, the optimal d-spacing (HBC-OMe) leads 
to favored Li binding energy and Li diffusion, along with an 
increased electron density to maximize Li incorporation with 
excellent rate performance. Our experimental results clearly 
show that the NG anodes are able to maintain structural sta-
bility during the Li insertion/extraction with very high capacity 
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Figure 3. a) Capacity of NG anodes as a function of charging–discharging cycles. Traditional reduced graphene oxide anode is included to draw com-
parison between rGO and NGs with various functional groups. b) Rate performance of three most promising HBC-OMe, HBC-t BuOMe, and HBC-H 
NG anodes. c) Orbital plots of electron distribution on a radical anion nanographene flake. SE: stabilization energy of a radical anion nanographene. 
IP: ionization potential. EA: electron affinity.
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and high rate performance, which are keys to the development 
of highly efficient LIBs.

Furthermore, the impact of functional groups on electronic 
properties of anionic/radical anion NG was further validated 
by the DFT simulations, which clearly shows a functional 
group-dependent stabilization energy (SE) defined as vibronic 
relaxation energy of the negatively charged species to its lowest 
energy geometry (Figure 3c). Observed trend in the SE can be 
rationalized by examining the spin density distribution of an 
extra electron on the molecule. The anion/radical anion NG 
with electron withdrawing functional group reveals a seriously 
distorted and localized electron distribution; most of the elec-
trons reside on one side of the flake (Figure 3c). Such configu-
ration forces most of the Li+ to crowd into one side of the NG 
flake, limiting the number of Li+ incorporated into the matrix 
due to Li–Li repulsion. In contrast, the anion/radical anion 
with electron donating functional group leads to a homoge-
neous/uniform electron distribution throughout the flake, 
which is beneficial for maximizing the number of Li+ incor-
porated into the NG. The charging process (Li+ insertion reac-
tion) in NG anodes requires stabilization of Li+ and subsequent 
electron transfer to Li+. The calculated stabilization energy 
(i.e., the energy difference in LUMO before and after electron 
added to NG) of NG radical anion varies from 0.26 (HBC-OMe) 
to 0.37 eV (HBC-F), see Figure 3b. A smaller SE means the 
LUMO electron is in a higher energy state; therefore, it is more 
easily transferred to Li+. The magnitude of the SE follows the 
trend of HBC-OMe < HBC-OH ∼ HBC-H < HBC-F < HBC-Br, 
which is again consistent with our hypothesis and experimental 
results. Thus, these simulations have further strengthened our 
hypothesis that charge capacity is directly associated with the 
electron donating/withdrawing nature of the functional group.

In summary, we synthesized a series of 3D NGs with a 
variety of functional groups from hydrogen, methoxyl, tert-butyl, 
hydroxy, bromine, to fluorine through a multistep organic syn-
thesis route using triphenylamine as the starting material. Our 
studies indicate that the best performing 3D NG anode exhibits 
a very high capacity (≈950 mAh g−1) almost three times larger 
than that of the conventional graphite anode (372 mAh g−1) with 
an excellent stability over 250 charge–discharge cycles. These 
NGs have relatively small graphene flakes, hence forming a 
more robust self-assembled hierarchical structures. In addition, 
maximum electron density on the NGs and optimal d-spacing in 
the 3D NG self-assemblies have led to a significantly enhanced 
LIB anode charge capacity and cyclic stability. Our results have 
clearly demonstrated a structure–property correlation between 
the nature of functional groups and Li storage capacity. More 
importantly, results obtained from substantial DFT calculations 
are in good agreement with our electrochemical and battery 
measurements, identifying the mechanism on how NG elec-
tronic and geometric structures dominate the overall battery 
performance. Such understanding will serve as fundamental 
principles for the rational design of advanced materials via con-
trolled organic synthesis for efficient energy storage.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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